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Abstract
The Notch signaling pathway is critical in cell fate specification throughout development. In the developing wing disc, single sensory
organ precursors (SOPs) are selected from proneural clusters via a process of lateral inhibition mediated by the Notch signaling pathway.
The epidermal growth factor receptor (EGFR) pathway has also been implicated in SOP formation. Here, we describe the Drosophila
melanogaster gene friend of echinoid (fred), a paralogue of echinoid (ed), a gene recently identified as a negative regulator of the EGFR
pathway. fred function was examined in transgenic flies by using inducible RNA interference (RNAi). Suppression of fred in developing
wing discs results in specification of ectopic SOPs, additional microchaeta, and cell death. In eye-antennal discs, fred suppression causes
a rough eye phenotype. These phenotypes are suppressed by overexpression of Notch, Suppressor of Hairless [Su(H)], and Enhancer of split
m7. In contrast, overexpression of Hairless, a negative regulator of the Notch pathway, and decreased Su(H) activity enhance these
phenotypes. Thus, fred acts in close concert with the Notch signaling pathway. Dosage-sensitive genetic interaction also suggests a close
relationship between fred and ed.
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Introduction
The thorax of Drosophila is covered with sensory bris-
tles, which are part of the peripheral nervous system (PNS).
The large bristles or macrochaeta occupy a stereotyped
position and occur in precise numbers. The small bristles or
microchaeta are arranged in rows with a uniform density.
The arrangement of these sensory organs provides a classi-
cal model to study cell fate specification (Jan and Jan,
1993b). Each adult external sensory organ is composed of
four cells (neuron, sheath cell, socket cell, and hair cell),
which arise from a sensory organ precursor (SOP) (Bodmer
et al., 1989; Hartenstein and Posakony, 1989). During third
instar larval and early pupal stages, SOPs arise in the imag-
inal wing disc, the larval epithelia that gives rise to the
dorsal thorax epidermis and wings in the adult (Cubas et al.,
1991; Huang et al., 1991). Thus, the position and number of
bristles are determined by those of the SOPs.
The SOPs that generate the macrochaeta and micro-
chaeta are specified from the epidermal tissue by the action
of two proneural genes, achaete (ac) and scute (sc), which
encode basic helix–loop–helix (bHLH) proteins (Cam-
puzano and Modolell, 1992; Garrell and Campuzano, 1991;
Jan and Jan, 1993a). These two proteins function in vivo as
heterodimers with the bHLH protein Daughterless (Murre et
al., 1989; Vaessin et al., 1990; Van Doren et al., 1991).
These proneural genes define the “proneural cluster,” a
small group (20–30 cells) of ectodermal cells, which have
the potential to develop into SOPs (Campuzano and Mo-
dolell, 1992; Modolell, 1997). The expression of ac and sc
in proneural clusters of the imaginal disc is regulated by a
combinatorial prepattern of transcription factors that inter-
act with the enhancer regions of these genes (Ghysen and
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Dambly-Chaudiere, 1988). The proneural genes commit
cells to become SOPs by activating downstream genes that
participate in the neural differentiation program. During
normal development, only one cell from each proneural
cluster develops as a SOP, and the rest of the cells of the
cluster revert back to the epidermal cell fate. The selection
of a single SOP from the proneural cluster is mediated by
the process of lateral inhibition, in which the future SOP
sends an inhibitory signal to the surrounding cells (Heitzler
and Simpson, 1991; Simpson, 1990, 1997). This process of
lateral inhibition is mediated by the members of the Notch
signaling pathway (Artavanis-Tsakonas et al., 1995).
Proneural genes positively regulate the levels of the
Notch (N) ligand, Delta (Dl) (Haenlin et al., 1994). The cell
in the proneural cluster with a higher amount of the pro-
neural proteins can send a stronger inhibitory signal via the
increased expression of the transmembrane ligand Dl to the
surrounding cells that receive the signal via the transmem-
brane receptor N. Upon activation, N undergoes Presenilin-
dependent processing, which results in the release of the N
intracellular domain (Nicd) from the membrane (De
Strooper et al., 1999; Struhl and Adachi, 1998; Struhl and
Greenwald, 1999). Nicd translocates to the nucleus, where it
forms a complex with the sequence-specific DNA binding
protein Suppressor of Hairless [Su (H)] (Fortini and Arta-
vanis-Tsakonas, 1994; Furukawa et al., 1992; Schweisguth
and Posakony, 1992; Tamura et al., 1995) and Mastermind
(Petcherski and Kimble, 2000), a transcriptional coactiva-
tor, to switch on the expression of multiple genes of the
Enhancer of split [E(spl)] complex (Bailey and Posakony,
1995; Furukawa et al., 1995; Lecourtois and Schweisguth,
1995). This gene complex [E(spl)m8, E(spl)m7, E(spl)m5,
E(spl)m3, E(spl)m, E(spl)m and E(spl)m] encodes
seven closely related proteins of the bHLH family of tran-
scription factors (Delidakis and Artavanis-Tsakonas, 1992;
Klambt et al., 1989; Knust et al., 1992). E(spl) bHLH
proteins act as transcriptional repressors in a complex with
the corepressor protein Groucho (Delidakis and Artavanis-
Tsakonas, 1992; Fisher and Caudy, 1998) and downregulate
ac and sc expression leading to suppression of SOP cell fate
in the cell receiving the signal (Heitzler et al., 1996a). In the
absence of N signaling, many cells of the proneural cluster
develop as SOPs (Dietrich and Campos-Ortega, 1984;
Schweisguth et al., 1996).
Epidermal growth factor receptor (EGFR) signaling has
also been implicated in the process of SOP specification
(Clifford and Schupbach, 1989). Hypomorphic mutations
and expression of dominant negative constructs of the
EGFR gene result in the loss of SOPs (Culi et al., 2001;
Diaz-Benjumea and Garcia-Bellido, 1990); overactivity of
the EGFR pathway results in differentiation of extra SOPs
(Culi et al., 2001). The mechanism by which the EGFR
pathway regulates SOP formation is not yet clear. It has
been proposed that the EGFR pathway is necessary to pro-
mote increased accumulation of the Ac and Sc in the future
SOP (Culi et al., 2001). Thus, the Notch signaling pathway
would work antagonistically to the EGFR pathway by re-
pressing ac and sc via the E (spl) genes. Antagonism be-
tween the two pathways also regulates the differentiation of
photoreceptors in the eye, where the Notch signaling path-
way inhibits photoreceptor differentiation while the EGFR
pathway promotes it (Freeman, 1996; Sun and Artavanis-
Tsakonas, 1996; Tio and Moses, 1997; Xu and Rubin,
1993). Antagonism between the two pathways also regu-
lates recruitment of chordotonal sense organ precursors (zur
Lage and Jarman, 1999).
Echinoid (Ed), a transmembrane cell adhesion molecule,
has been shown to be involved in negatively regulating the
EGFR pathway during eye morphogenesis. ed loss of func-
tion mutations result in extra photoreceptor formation (Bai
et al., 2001). ed is also implicated in SOP formation (un-
published observations). Analysis of the Drosophila
genomic sequence revealed a paralogue of ed called friend
of echinoid (fred) (Flybase, FBrf0146436; R. Cagan, per-
sonal communication). Here, we report on the role of fred in
the process of SOP specification. Our results show that fred
gene function is required for normal development of sen-
sory organs, the adult epidermis, and the eye. In these
processes, fred seems to be closely interacting with the
Notch signaling pathway as well as with its paralogue ed.
Materials and methods
Molecular biology
BLAST search (Altschul et al., 1990) of the Drosophila
Genome Project Database (Adams et al., 2000) with the ed
sequence revealed the presence of a gene (fred) with a high
sequence similarity to ed. Fly BLAST against the Berkeley
Drosophila Genome Project cDNA collection with fred
yielded four cDNAs representing fred transcript(s):
GH03216 (Accession no. CG3390), SD04816, SD07424,
and SD10817. All these cDNA clones were obtained from
Research Genetics and sequenced. SD04816, SD07424, and
SD10817 have identical sequence, raising the possibility
that they represent a single cDNA clone. The ORF of these
three cDNA clones is shorter than that of CG3390 due to a
stop codon in an apparently unspliced intron. The CG3390
cDNA has no obvious 5UTR region and thus may be
incomplete at the 5 end. The SD cDNAs ORF sequence is
closed at the 5 end and has a 5UTR. Analysis of the
genomic region upstream of the 5UTR revealed a sequence
with a significant similarity to the second IgC2 domain of
ed. The cDNA sequence was extended toward the 5 end by
performing RT-PCR using embryonic mRNA, a primer
(GGCATGATGGCGATTTACTCTATA) from the 5 most
region common to CG and SD cDNA sequences and a
predicted primer (CGCGGAATTTACGATTTGCAA). The
cDNA sequence was further extended by 5 RACE (Invitro-
gen) using the primer (AGTGGAGGTCGGACCCCA-
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GAATCC). 5 RACE yielded a cDNA which extends the
ORF by 285 bp and has a 377-bp-long 5UTR.
The pUAST-fred RNAi construct was generated by using
a 638-bp long fragment [nucleotides: 3688–4326 of fred
(extended CG3390) cDNA sequence]. This fragment en-
compasses a part of the putative intracellular region and part
of the 3UTR of ext.CG3390. This region bears no similar-
ity to ed mRNA. The UAS-fred RNAi construct was made as
described by Kennerdell and Carthew (2000). Briefly, the
fragment was PCR amplified with the primer pairs, forward:
EcoRI (gaattc)-CACGATCCTGATGAGCAGCTG and re-
verse: SfiI (ggccaagatggcc)-GTTGTTGTTGTTGCTGCCT-
TGG; and with the primer pairs, forward: XhoI(ctcgag)-
CACGATCCTGATGAGCAGCTG and reverse: SfiI (ggc-
catctaggcc)-GTTGTTGTTGTTGCTGCCTTGG. The two
products were digested with SfiI and ligated together.
Dimers were digested with EcoRI and XhoI and ligated into
the EcoRI and XhoI sites of pUAST (Brand and Perrimon,
1993). The ligation product was transformed into the Esch-
erichia coli SURE strain (Stratagene). Three independent
UAS-fred RNAi lines were generated by using standard
P-element transformation (Spradling and Rubin, 1982).
Two of the transgenic lines map to the third chromosome
and one to the X chromosome. All three lines produce
comparable phenotypes.
Fly strains and genetics
The following Drosophila strains were used: UAS-fred
RNAi (this study), pnrMD237-GAL4 (Heitzler et al., 1996b),
ap-GAL4 (Calleja et al., 1996), neuralized (neu)-lacZ
A101.IF3 (Bellen et al., 1989), Eq-GAL4 (Pi et al., 2001),
GMR-GAL4 (Freeman, 1996), UAS-N (Doherty et al.,
1997), Su (H)AR9 (Schweisguth and Posakony, 1992),
UAS-H (Nagel et al., 2000), UAS-Su (H) (gift from L.
Seugnet and M. Haenlin via S. Bray), UAS-E (spl) m7
(Ligoxygakis et al., 1999), ed2B8 (amorphic ed allele, with a
P-element insertion in the 5UTR of ed locus; unpublished
observations), Gap1B2 (Chou et al., 1993), pnt 88 (Brunner
et al., 1994), SRV-lacZ (Culi and Modolell, 1998), and
Df(1)sc10-1 (Hinz et al., 1994; Lindsley and Zimm, 1992).
Df(1)sc10-1, neur-lacZ A101, UAS-lacZ, Gap1B2, pnt 88,
and GMR-GAL4 were obtained from the Bloomington Dro-
sophila Stock Center. For wing disc dissection: flies ho-
mozygous for UAS-fred RNAi (on X or third chromosome)
were crossed to A101: pnr-GAL4/TM6 Tb (recombined)
flies and Tb larvae were dissected; UAS-fred RNAi: A101/
TM6 Tb (recombined) were crossed to ap-GAL4/Bc and Bc
and Tb larvae were dissected to determine the effect of
fred RNAi. Flies were raised at 25°C, unless otherwise
mentioned.
Fig. 2. RNA expression pattern of fred. (A–C) fred RNA expression in wild type embryos at late stage 12 (A), stage 14 (B), and stage 17 (C). fred transcripts
are detected in most tissues, including the CNS and the epidermis. (D, F) fred RNA is ubiquitously expressed in late third instar larval wing (D) and eye discs
(F). Control in situ hybridization on wild type late third instar larval wing disc using the sense probe shows no expression (E).
Fig. 1. Genomic organization and sequence of fred. (A) fred is located on chromosome arm 2L at 24D2 (FlyBase) approximately 100 kb upstream of ed.
Arrows indicate the direction of transcription. (B) fred cDNA clones. Filled boxes represent the fred open reading frame (ORF), while the open boxes indicate
untranslated regions (UTR). The exon/intron arrangement is indicated. The introns are not drawn to scale. (a) fred extended CG3390 cDNA has an ORF of
3594 bp, a 378-bp 5UTR and a 757-bp-long 3UTR. Exons I–IX are 407, 202, 260, 198, 2232, 674, 367, 348, and 63 bp long. Introns 1–8 are 42,694, 16,450,
272, 9514, 107, 1684, 3392, and 5401 bp long. (b) fred SD cDNA clone. 5UTR is 5324 bp long; the longest ORF is 2275 bp long and is followed by a
2596-bp-long 3UTR. (C) Predicted amino acid sequence of Fred. The extracellular domain consists of seven IgC2 type domains, two fibronectin type III
domains, and a predicted transmembrane (TM) region (boxed sequence). (D) Alignment of Ig domains of Ed, Fred, and two predicted, highly similar proteins
from Anopheles gambiae. Amino acids conserved between all four proteins are boxed. Consensus amino acids of the Ig C2 type domain are in bold. Percent
identity between individual IgC2 domains to corresponding IgC2 domains of Ed and Fred are indicated. (E) Alignment of the intracellular regions of
Drosophila Fred and Ed and Anopheles Ed/Fred 1 and 2. Amino acids conserved between all four, and between Ed, Ag Ed/Fred1 and 2 after the asterisk,
are boxed. Shaded amino acids are conserved between Ed or Fred and at least one of the two Mosquito orthologs.
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Immunochemistry and histology
In situ hybridization to imaginal discs and whole-mount
embryos was performed as described earlier (Vaessin et al.,
1991), using digoxigenin-labeled antisense and sense (neg-
ative control) RNA probes corresponding to the sequence
that was used for constructing the RNAi construct. X-gal
stainings was performed according to Su et al. (1998),
except that 1% glutaraldehyde was used for fixing imaginal
discs. dp-ERK antibody (Sigma) staining was performed
according to Martin-Blanco et al. (1999). Flies were pro-
cessed for scanning electron micrographs (SEM) as de-
scribed in Kimmel et al. (1990). Acridine orange staining
was according to Wolf (2000).
Results
fred is a paralogue of echinoid
Fly BLAST revealed a novel gene, fred, with high se-
quence similarity to ed. fred is located proximal to ed.
which maps at 24D3–4 on chromosome arm 2L and is
arranged in the opposite orientation to ed (Fig. 1A).
Conceptual translation of the largest open reading frame
(ORF) of the fred cDNA (ext.CG3390) (see Materials and
methods) predicts a protein of 1198 amino acids (Fig. 1C).
This protein product has a putative signal sequence, seven
immunoglobulin (Ig) C2 type domains (Williams and Bar-
clay, 1988), followed by two fibronectin type III (Fn type-
III) domains (Hynes, 1986), a transmembrane domain, and
a 188-amino-acid C-terminal region with no readily identi-
fiable structural or functional motif. Examination of Ed
sequence indicates the presence of an additional Ig C2
domain upstream to the first IgC2 domain and another Fn
type-III domain downstream to the Fn type III domain (data
not shown). fred appears to be a paralogue of ed as the
overall structural arrangement of Fred closely mimicks that
of Ed. Both proteins contain seven Ig C2 type domains, two
Fn type-III domains followed by a transmembrane domain,
and an intracellular region. The Ig C2 domains of Fred
exhibit a high sequence similarity to the corresponding Ig
C2 domains of Ed, ranging from 62 to 91% identity (Fig.
1D). In contrast, Ig C2 domain similarity between unrelated
Ig C2 proteins are generally in the 40% range. The proteins
also exhibit sequence similarities in regions between the Ig
C2 domains. The overall identity between the extracellular
regions of the two proteins is 69%. In contrast, the putative
intracellular regions of the two proteins exhibit only limited
sequence similarity (30% identity).
BLAST searches of the recently completed Mosquito,
Anopheles gambiae, genome sequence (Holt et al., 2002)
using Ed and Fred, revealed the presence of two highly
similar genes. The similarity is particularly evident in the
comparison of individual IgC2 domains (Fig. 1D). Like ed
and fred, these genes are arranged in tandem, but the pre-
dicted transcription units are in the same orientation. Thus,
while the predicted Mosquito ed/fred genes appear to be
transcribed from the same strand, the Drosophila ed and
fred transcription units are transcribed in opposite directions
(Fig. 1A). Direct comparison of the predicted amino acid
sequences of Drosophila Fred and Ed with the Anopheles
orthologs shows a significantly higher overall similarity of
both predicted Anopheles proteins to Drosophila Ed. This
suggests that Drosophila Ed is likely to be closer in se-
quence to the ancestral gene than Fred. This possibility is
further supported by the observation that both predicted
Mosquito Ed/Fred proteins show sequence similarity to the
entire Ed intracellular region, but only limited similarity to
the Fred intracellular domain (Fig. 1E).
fred mRNA expression
The fred mRNA expression pattern was determined by in
situ hybridization. fred shows a rather general expression pat-
tern. In the embryo, fred is expressed in most tissues, including
the central nervous system (CNS) and epidermis (Fig. 2A–C).
In third instar larval wing and eye discs, fred is also rather
uniformly expressed (Fig. 2D and F). Control staining with
sense probe does not show a detectable signal (Fig. 2E).
fred function is required for proper adult sensory organ
and epidermal development
In order to study the function of fred, we have used the
heritable and inducible double-stranded RNA-mediated in-
terference (RNAi) method (Tavernarakis et al., 2000). For
this study, transcript sequence of fred was cloned as a dyad
symmetric molecule in the pUAST vector and transgenic
lines established. Expression of the construct was induced
by crossing the transgenic lines to tissue- and/or stage-
specific GAL4 driver lines (Kennerdell and Carthew, 2000).
Transcription of a dyad symmetric molecule results in a
RNA that snaps back to give rise to a dsRNA with a hairpin
loop, which mediates the degradation of the corresponding
endogenous mRNA (Sijen et al., 2001). A 638-bp region of
fred was selected for this analysis based on minimal simi-
larity to ed sequence (see Materials and methods).
The effectiveness of the UAS-fred RNAi construct in
mediating the degradation of fred transcripts was tested in
third-instar larval wing discs by using the pannier-GAL4
(pnr-GAL4) driver (Fig. 3C; Heitzler 1996b). pnr-GAL4-
mediated expression of the UAS-fred RNAi construct in the
dorsal-most region of the wing disc results in a strong
reduction of fred mRNA (Fig. 3B) as compared with pnr-
GAL4/ control animals (Fig. 3A). Staining for ed mRNA
or protein did not show any decrease in expression (data not
shown), verifying the specificity of the fred RNAi construct.
Many of the pnr-GAL4/UAS-fred RNAi larvae develop into
adults that display a range of phenotypes, including a loss of
epithelium resulting in a smaller notum and scutellum and
loss or duplication of sensory bristles (Fig. 4B and D).
These phenotypes are generally more severe when these
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flies are raised at 29°C. Here, loss of epithelium is so
extensive that approximately one-third of the eclosed adults
have holes in the dorsal cuticle (Fig. 4E). In addition, a third
of the pharate adults fail to eclose and display defects in
dorsal cuticle (not shown). A similar phenotype is also
observed by using the Eq-GAL4 driver, which directs ex-
pression in the anterior region of the future notum, with a
stronger expression in the anterior midline (Pi et al., 2001).
Degradation of fred mRNA in this region also results in the
loss of epithelial tissue, resulting in a pinched appearance of
the nota (Fig. 4G).
The loss of epithelia and the misspecification of sensory
bristles might indicate a role of fred in sensory organ for-
mation and/or in cell survival. To test these possibilities, we
followed sensory organ formation by analyzing the expres-
sion of the SOP markers neur-A101lacZ and SRV-lacZ.
A101 is an early marker for the SOP cell fate; in wild type
wing discs, it labels a single nucleus in each proneural
cluster (Huang et al., 1991) (Fig. 5C and E). SRV-lacZ is a
sc lacZ reporter construct that specifically labels the SOPs
(Fig. 5G). Suppression of fred function in the dorsal-most
part of the wing discs results in a dramatic increase in the
number of cells expressing the A101 SOP marker (Fig. 5F).
The ectopic A101-positive cells are generally arranged in a
single large, continuous patch. Ectopic expression of the
SOP marker A101 was also observed when another GAL4
driver, apterous-GAL4 (ap-GAL4), which drives expression
in almost the entire dorsal compartment of the wing disc
(Fig. 5A), was used (Fig. 5D). Ectopic SOPs were also
obtained in the UAS-fred RNAi; pnr-GAL4/SRV-lacZ wing
discs (Fig. 5H). We tested whether the proneural genes ac
and sc are required for the specification of these ectopic
SOPs by using the Df(1)sc10-1 line (Lindsley and Zimm,
1992). Males hemizygous for this deficiency lack both ac
and sc and have a bald nota as no SOPs are specified. The
induction of ectopic SOPs upon fred suppression requires ac
and sc as male pharate adults and the occasionally eclosed
adults of the genotype Df(1)sc10-1/Y; UAS-fred RNAi/pnr-
GAL4 show no bristles and have a near wild type notum
morphology (Fig. 5I). The specification of ectopic SOPs
upon fred suppression is accompanied by extensive cell
death, as revealed by acridine orange staining (Fig. 5J and
K), likely amounting to loss of sensory structures and epi-
thelial tissue in the adult fly.
We also analyzed the effects of fred RNAi in the devel-
oping eye. At 25°C, flies transheterozygous for UAS-fred
RNAi and the eye-antennal disc specific driver line GMR-
GAL4 show fused ommatidia and mispositioned and/or
missing bristles. Again, this phenotype is enhanced if flies
are raised at 29°C (Fig. 4I).
fred genetically interacts with the Notch signaling pathway
The Notch signaling pathway is involved in limiting the
SOP fate to a single cell within each proneural cluster
(Artavanis-Tsakonas et al., 1999; Bray, 1998). Since deg-
radation of fred mRNA leads to formation of ectopic SOPs,
we wanted to see if the Notch signaling pathway genes
functionally interact with fred in this process and, thus, may
modulate the fred RNAi phenotype. To this end, we tested
four Notch pathway genes, Notch (N), Suppressor of Hair-
less [Su(H)], Hairless (H), and E (spl) m7 for genetic
interactions with fred.
Overexpression of Notch leads to a loss of sensory or-
gans and hair to socket transformation (Frise et al., 1996;
Guo et al., 1996; Lieber et al., 1993). Expression of a
UAS-Notch (UAS-N) construct with pnr-GAL4 results in
flies that show loss of most of the bristles from the dorsal-
most region of the thorax (Fig. 6C). In addition, occasion-
ally, bristle to socket transformation is observed. When fred
Fig. 3. RNAi-mediated suppression of fred RNA expression in the wing disc. Anterior is to the left and ventral is up. fred RNA expression in a wild type
third instar larval wing disc (A) and a UAS-fred RNAi; pnr-GAL4 larval wing disc (B). fred RNA expression is significantly reduced in the dorsal-most part
(indicated by the bracket) of the wing disc. (C) X-gal staining of pnr-GAL4/UAS-lacZ wing disc shows the expression domain of the pnr-GAL4 driver.
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dsRNA and Notch were expressed simultaneously by using
the pnr-GAL4 driver, the flies showed a phenotype that is
intermediate between that of the two individual phenotypes
(Fig. 6D). Although overexpression of Notch could sup-
press the cuticular holes and ectopic microchaeta formation,
the thoraces of these flies still had some of the phenotypes
associated with RNAi-mediated suppression of fred, such as
a pinched notum and a smaller scutellum.
Following Notch activation, the Nicd translocates to the
nucleus, where it forms a complex with the transcription
factor Su(H) and switches on the transcription of E (spl)
complex (Artavanis-Tsakonas et al., 1999). Loss of Su (H)
results in the formation of ectopic sensory bristles, while
overexpression results in suppression of sensory organ spec-
ification (Schweisguth and Posakony, 1994). Ectopic ex-
pression of Su(H), using the pnr-GAL4 driver, results in the
absence of sensory organs in the medial region of the notum
(Fig. 6E). Simultaneous expression of both Su(H) and the
fred RNAi construct in the pnr domain produces flies that
are similar to the UAS-Su(H); pnr-GAL4 flies (Fig. 6F).
Moreover, the ectopic cell death associated with fred sup-
pression was alleviated by Su(H) overexpression (Fig. 6I–
K). Thus, ectopic expression of Su(H) effectively sup-
presses the phenotype associated with the reduction of fred
function. We also tested the effect of loss of Su(H) function
on the fred RNAi phenotype. Reduction of one functional
copy of Su (H) in UAS-fredRNAi/pnr-GAL4 flies did not
show a consistent modulation of the phenotype, indicating
that this assay might not be sensitive enough. However, eye
morphogenesis has been proven to be very sensitive to
dosage-sensitive interactions (Bai et al., 2001; Carthew et
al., 1994; Therrien et al., 2000). Therefore, we determined
the effect of loss of one functional Su (H) copy on the rough
eye phenotype generated by expression of UAS-fred RNAi
in eye with the GMR-GAL4 driver. A consistent enhance-
ment of the fred RNAi induced rough eye phenotype was
observed upon decreasing Su (H) function (Fig. 7C).
Hairless (H) is a negative regulator of the Notch pathway
(Bang et al., 1995). H antagonizes Notch target gene acti-
vation by binding to the Notch signal transducer, Su(H)
(Schweisguth and Lecourtois, 1998). Accordingly, overex-
pression of H phenocopies reduction of Notch activity
(Bang and Posakony, 1992; Lyman and Yedvobnick, 1995).
Ectopic expression of H in the pnr domain results in the
formation of multiple/split bristles and loss of epidermal
tissue. This phenotype is enhanced in animals with sup-
pressed fred activity in the pnr domain (data not shown).
Functional interactions between H and fred are also evident
Fig. 4. Adult phenotypes associated with fred suppression. Anterior is up in (A–G). (A) Dorsal thorax of a control fly (pnr-GAL4/). An extra macrochaetae
is occasionally present on the scutellum. Small black dots indicate the pnr expression domain on the thorax. Big black dots mark the dorsocentral bristles.
(B) pnr-GAL4/UAS-fred RNAi flies have smaller notum and scutellum and show a loss of dorsocentral macrochaeta. Big black dots indicate the approximate
position of the missing macrochaeta. (C, D) Magnified images of the medial thorax of flies in (A) and (B), respectively. pnr-GAL4/ UAS-fred RNAi flies
exhibit extra microchaeta, although the size of individual microchaeta is generally reduced. Duplications of microchaeta (arrowhead) are also evident. (E)
pnr-GAL4/UAS-fred RNAi flies, raised at 29°C, show a more extensive loss of tissue. The anterior dorsocentral bristles and the microchaeta appear to have
disappeared together with the epithelium. Frequently, the loss of epidermis results in holes (arrow) in the cuticle covering the dorsal thorax. (F) Anterior
midline region of a control fly (Eq-GAL4/). (G) Suppression of fred in the presumptive anterior midline region of the larval wing disc in UAS-fredRNAi/;
Eq-GAL4/ animals results in a pinched appearance, apparently due to loss of epidermis. (H) Control eye of a GMR-GAL4/ fly shows a regular, uniform
arrangement of the ommatidia and the bristles. (I) UAS-fred RNAi/; GMR-GAL4/ flies have eyes with fused ommatidia and missing or duplicated bristles.
Except for (B) and (D) flies were raised at 29°C.
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in the eye. UAS-H/GMR-GAL4 flies have eyes that are
slightly smaller along the anterior–posterior axis and show
ommatidial fusion and interommatidial bristle tufting, as
well as bristle loss (Fig. 7E). When fred activity is sup-
pressed in this genetic background, there is an enhanced
disruption of the eye morphology. Ommatidia lack defini-
tion, bristle tufting is more severe, and loss of bristles is
observed (Fig. 7F).
Among the best characterized targets of Notch signaling
in Drosophila are the seven Enhancer of split [E (spl)]
complex genes (Klambt et al., 1989; Knust et al., 1992).
Activation of the Notch signaling pathway results in the
activation of the expression of various E(spl) complex genes
(Bailey and Posakony, 1995; Jennings et al., 1994; Lecour-
tois and Schweisguth, 1995). Overexpression of E (spl)m8,
E (spl)m7, E (spl)m, E (spl)m, E (spl)m 3, and E (spl)m
in wing discs results in loss of sensory organs (Ligoxygakis
et al., 1999). To determine whether the phenotype associ-
ated with suppression of fred could be modulated by ex-
pression of an E(spl) complex gene, we expressed E (spl)
m7 simultaneously with fred dsRNA using the pnr-GAL4
driver (Fig. 6G). Flies that overexpress both fred dsRNA
and E (spl) m7 were indistinguishable from those express-
ing only E (spl) m7 (Fig. 6H). Third instar larval wing discs
from these crosses were also analyzed for A101-lacZ ex-
pression. Ectopic expression of E(spl)m7 by pnr-GAL4 re-
sults in the loss of dorsocentral and scutellar SOPs, while
suppression of fred activity results in large domains of
A101-positive cells. Notably, wing discs of UAS-E(spl)m7;
UAS-fred RNAi/pnr-GAL4: A101-lacZ larvae showed the
same SOP pattern as UAS-E(spl) m7; pnr-GAL4: A101-lacZ
larvae (data not shown). So, ectopic expression of E (spl)m7
suppresses the phenotype associated with the reduction of
fred in the wing disc.
We tested whether this is also the case in the developing
eye. Degradation of fred mRNA in the eye with GMR-GAL4
results in a rough eye phenotype with missing or duplicated
bristles and fused ommatidia (Fig. 7G). Ectopic expression
of E (spl) m7 by GMR-GAL4 results in the loss of most of
the bristles in the eye. While the ommatidia remain highly
organized, bristle sockets are present only infrequently or
are entirely missing. If present, sockets are mispositioned
and sometimes duplicated (Fig. 7H). The phenotype of eyes
of animals expressing both E (spl) m7 and fred ds RNA
under the control of GMR-GAL4 is very similar to the
phenotype of UAS-E(spl)m7/GMR-GAL4 flies, with the ex-
ception of a few fused ommatidia that can still be observed
in the posterior part of the eye (Fig. 7I).
Genetic interaction between fred and ed
fred shares high sequence similarity with ed. fred and ed
are both uniformly expressed in third-instar larval eye and
wing discs. To address the possibility that ed and fred are
functioning in close concert, we employed a dosage-sensi-
tive genetic interaction assay. ed2B8 is an amorphic allele of
ed. Flies carrying only one functional copy of ed and one
copy of the GMR-GAL4 driver (ed2B8/GMR-GAL4) show
near wild-type morphology (Fig. 8A). RNAi-mediated sup-
pression of fred in the developing eye results in a mild
rough eye phenotype (Fig. 8B). In contrast, suppression of
fred in eye-antennal discs of animals with only one func-
tional allele of ed (ed2B8/GMR-GAL4; UAS-fred RNAi/)
leads to a severe rough eye phenotype (Fig. 8C), which is
easily distinguishable from that of GMR-GAL4; UAS-fred
RNAi flies (Fig. 8B). The ommatidial fusion seen in GMR-
GAL4; UAS-fred RNAi eyes is significantly enhanced, and
there is increased bristle loss as well as pitting and scarring of
the ommatidia of ed2B8/GMR-GAL4; UAS-fred RNAi flies.
Since ed has been shown to be a negative regulator of the
EGFR pathway, we also tested for dosage-sensitive inter-
action with members of this pathway. Gap1 (GTP-activat-
ing protein) is a negative regulator of the EGFR pathway.
EGFR signaling is transduced by the Ras/Raf/MAP kinase
cascade. Gap1 inactivates RAS1 (RAS1 is activated by
exchanging GDP for GTP) by stimulating its intrinsic GT-
Pase activity (Gaul et al., 1992). Reduction of Gap1 in the
GMR-GAL4 background does not result in any eye abnor-
mality (data not shown). Reduction of Gap1 in UAS-fred
RNAi/; GMR-GAL4/ flies resulted in a moderate en-
hancement of the rough eye phenotype seen in UAS-fred
RNAi/; GMR-GAL4/ flies (Fig. 8, compare E with D).
This enhancement, however, was not very consistent as only
30% of UAS-fredRNAi/; GMR-GAL4/; Gap1B2/ flies
showed increased roughness (Fig. 8E) and the remaining
70% showed no significant change (Fig. 8F). Pointed is a
downstream effector of EGFR signaling pathway (Brunner
et al., 1994). GMR-GAL4/ pnt 88/ flies have a normal
eye morphology (data not shown). UAS-fred RNAi/;
GMR-GAL4/; pnt 88/ flies show a suppression of the
rough eye phenotype caused by fred RNAi. Again, this
suppression was not very consistent as only 40% of the
UAS-fred RNAi/; GMR-GAL4/; pnt 88/ flies showed
this suppression (Fig. 8G). While genetic interactions were
observed between fred and the two members of the EGFR
pathway, these interactions were consistently weaker
than that observed with the Notch signaling pathway. We
also monitored EGFR activity by staining for the doubly
phosphorylated mitogen-activated protein (MAP) kinase
(dp-ERK; Gabay, 1997). While we could consistently detect
the wild type expression pattern of dp-ERK in the wing
discs, we did not observe a significant change in the dp-ERK
expression in the wing discs of either UAS-fred RNAi; pnr-
GAL4 or UAS-fred RNAi; ap-GAL4 larvae (data not shown).
Discussion
fred is a paralogue of ed
The predicted fred and ed proteins are highly similar.
The protein products of both genes contain a putative signal
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Fig. 5. Phenotypes associated with RNAi-mediated suppression of fred in wing discs. (A–H) X-gal staining of lacZ reporter gene constructs in third instar
wing discs. (A) Mid to late third-instar larval wing disc expressing UAS-lacZ under the control of the ap-GAL4 driver and a late-late-third-instar larval wing
disc expressing lacZ under the control of pnr-gal4 driver (B) shows the domain of expression of the GAL4 driver lines. (C) neu-lacZ SOP marker expression
at early third instar larval stage in a control (ap-GAL4/; neur-A101 lacZ/) wing disc. (D) ap-GAL4/; UAS-fred RNAi:neur-A101lacZ/ wing disc shows
ectopic SOP marker expression, indicated by the bar, in part of the dorsal compartment. (E) Wild type pattern of SOPs in control (pnr-GAL4/neur-A101 lacZ)
late third instar larva wing disc. (F) Wing disc of a UAS-fred RNAi/; pnr-GAL4: neur-A101lacZ/ third instar larva. Induction of the ectopic expression
of the SOP marker A101 lacZ (indicated by the bar) in the dorsal-most region is evident. (G) SOP-specific lacZ reporter transgene, SRV-lacZ, expression
pattern in a wild type larval wing disc. (H) Ectopic SOPs are induced in the dorsal-most region of wing discs (indicated by the bar) of UAS-fred RNAi/;
pnr-GAL4/SRV-lacZ larva. (I) Df(1)sc10-1/Y; UAS-fred RNAi/pnr-GAL4 animals lack the proneural genes ac and sc in addition to RNAi-mediated
suppression of fred function. These flies show no loss of cuticle and no bristles. (J) Acridine orange staining of control pnr-GAL4/ wing disc showing the
normal extent of cell death occurring during morphogenesis. White bracket indicates the domain of pnr expression. (K) pnr-GAL4/UAS-fred RNAi wing discs
show a very consistent increase in the number of dead cells in the dorsal-most region. (Flies in E and F and J and K were raised at 29°C.)
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sequence, seven highly conserved Ig C2 domains, followed
by two Fn-type III domains. The strong conservation ob-
served for the entire extracellular regions of Fred and Ed is
contrasted by a rather limited similarity between the respec-
tive intracellular regions. Thus, the putative intracellular
domains of the two proteins are approximately 30% iden-
tical over a length of 188 amino acids, whereas the extra-
cellular region is 69% identical.
The fred and ed transcription units are located, in reverse
orientation, approximately 100 kilobases apart on chromo-
some arm 2L. The close proximity and sequence similarity
of the two genes suggest that a duplication of the original
gene has occurred. The presence of two putative transcrip-
tion units in the Anopheles genome, that encode highly
similar proteins, indicates that such a duplication would
have happened before the evolutionary separation of the
ancestors of Anopheles and Drosophila. Comparison of the
Drosophila and Anopheles genes furthermore shows that in
Anopheles the two transcription units are arranged head to
tail, i.e., the two genes appear to be transcribed from the
same strand, while in Drosophila a head-to-head arrange-
ment is observed. This suggests that, after the lineages
leading to present day Drosophila and Anopheles split, an
inversion event has taken place. Both tandemly repeated
transcription units in Anopheles encode proteins with sig-
nificantly higher similarity to Drosophila Ed than to Dro-
Fig. 6. Functional interactions of fred with Notch signaling pathway genes in the thorax. (A) pnr-GAL4/ control fly. White dots mark the pnr expression
domain on the thorax. (B) Thorax of a pnr-GAL4/UAS-fred RNAi fly showing tissue loss. (C) UAS-N/; pnr-GAL4/ fly. Ectopic expression of N results
in the loss of all microchaeta and most of the macrochaeta in the pnr domain. (D) UAS-N/; pnr-GAL4/UAS-fred RNAi flies display an intermediate
phenotype. (E) UAS-Su(H)/; pnr-GAL4/ flies show complete loss of sensory organs in the pnr domain and an expansion of the dorsal thorax. (F) In
UAS-Su(H)/; UAS-fred RNAi/pnr-GAL4 flies, the fred RNAi phenotype is suppressed. (G) UAS-E(spl)m7/; pnr-GAL4/ have no sensory organs in medial
dorsal region. (H) UAS-E(spl)m7/;UAS-fred RNAi/pnr-GAL4 flies are indistinguishable from UAS-E(spl)m7; pnr-GAL4 flies. (I–K) Acridine orange staining
of late third instar larval wing discs of the following genotypes: (I) UAS-Su(H)/; pnr-GAL4/, (J) pnr-GAL4/UAS-fred RNAi, and (K) UAS-Su(H)/;
UAS-fred RNAi/pnr-GAL4. Overexpression of Su(H) suppresses the ectopic cell death associated with suppression of fred function.
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sophila Fred (Fig. 1D and E). The observation of a colinear
sequence similarity of Anopheles Ed/Fred with Drosophila
Ed, but not Fred, suggests that Ed is closer in structure to the
original duplicated gene. It is, furthermore, tempting to
speculate whether the absence of the C-terminal region in
Drosophila Fred could represent a consequence of an in-
version event that did not include the entire ancient fred
gene. The sequence similarity of both Anopheles Ed/Fred
genes is higher to Drosophila Ed than to Drosophila Fred
(Fig. 1D). This is particularly pronounced in the putative
intracellular domains of these proteins (Fig. 1E). The diver-
gent structure of the putative Drosophila Fred intracellular
domain also raises the question, whether or not the Dro-
sophila Fred has undergone a functional divergent evolution
compared with its Anopheles counterpart(s) and Drosophila
Ed. If the diversity in the intracellular region of Drosophila
Fred indeed represents a functional specialization, however,
remains to be determined.
fred function is required for proper development of adult
sensory structures
Using inducible RNAi, we have shown that fred function
is required in eye morphogenesis and to restrict SOP cell
fate in wing disc. Suppression of fred function in the de-
veloping wing disc results in ectopic SOPs, as revealed by
the SOP markers, neur-A101-lacZ and SRV-lacZ. In the
wing discs of the mid to late third-instar larva, only few
SOPs are present (Fig. 5C). However, ap-GAL4-driven deg-
radation of fred mRNA results in specification of a contin-
uous patch of A101 lacZ-expressing cells in the wing pouch
region (Fig. 5D). In the case of pnr-GAL4-driven fred
mRNA degradation, SOPs are induced at positions where in
the wild type wing disc, no SOPs exist yet (Fig. 5E and F).
Similar results are obtained with SRV-lacZ, a SOP marker
(Fig. 5G and H). However, normally, SOPs do form in these
regions of the wing disc at later stages of development.
Thus, suppression of Fred function may result in precocious
formation of SOPs. Moreover, the presence of the ectopic
SOPs in large, continuous patches, without any intervening
epidermal cells, indicates a disruption of the process of
lateral inhibition. Adult flies of the UAS-fred RNAi/; pnr-
GAL4: A101neur-LacZ/ genotype show a moderate in-
crease in the number of microchaeta (Fig. 4D). These extra
microchaeta could originate from the ectopic SOPs. Fur-
thermore, frequent bristle duplications are also observed.
These phenotypes suggest that Fred function might be re-
quired during SOP specification and bristle development.
In our experiments, specific regions of the wing disc
appeared to be more sensitive to suppression of Fred func-
tion, as indicated by the positions occupied by ectopic
SOPs. While pnr-GAL4 drives expression in the dorsal-
most region of the wing disc, only some regions in the pnr
domain of wing discs of UAS-fred RNAi/; pnr-GAL4:
A101neur-LacZ/ larvae show ectopic expression of the
SOP markers, A101 and SRV-lacZ (Fig. 5F and H). The
same observation was made by using ap-GAL4. ap-GAL4
drives expression of UAS constructs in almost the entire
dorsal domain; however, in ap-GAL4/; UAS-fred RNAi:
A101neur-LacZ/ third-instar-larvae, ectopic expression of
the SOP marker A101-lacZ is only detected in a part of that
region (see Fig. 5A and D). These observations might point
to a higher requirement for fred function in certain regions
of the wing disc and/or slightly different levels in the ex-
pression by the respective GAL4 drivers that would result in
different levels of fred mRNA degradation.
RNAi-mediated suppression of fred also results in an
increase in cell death. Presently, it is not clear whether this
Fig. 7. Functional interactions of fred with Notch signaling pathway genes
during eye development. (A) Su(H)AR9/GMR-GAL4 flies show a near wild
type morphology. (B) GMR-GAL4/; UAS-fred RNAi/ flies display a
weak rough eye phenotype. (C) Su(H)AR9/GMR-GAL4; UAS-fredRNAi/
flies show an enhancement of the fred RNAi eye phenotype. (D) Eye of a
GMR-GAL4/; UAS-fred RNAi/ fly. (E) UAS-H/GMR-GAL4 flies show
a strong rough eye phenotype. (F) In UAS-H/GMR-GAL4; UAS-fred RNAi
flies, the eye phenotype is stronger than that caused by overexpression of
H alone. (G) Eye of a GMR-GAL4/; UAS-fred RNAi/ fly. (H) UAS-
E(spl)m7/GMR-GAL4 flies show a near wild type morphology, except that
the interommatidial bristles are missing. (I) UAS-E(spl)m7/GMR-GAL4;
UAS-fred RNAi. Overexpression of E(spl)m7 suppresses the fred RNAi
rough eye phenotype to a large extent. (B, D, G) The observed range of fred
RNAi eye phenotype at 25°C.
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is a direct or indirect consequence of cell fate changes
associated with the formation of ectopic SOPs, which sub-
sequently undergo cell death, or if there is a separate re-
quirement for fred function in epidermal cells. However, the
strong suppression of cell death upon overexpression of
Su(H) and the wild type morphology of the notum of males
lacking ac and sc strongly suggest that the ectopic cell death
is associated with the change in cell fate.
fred interacts with the Notch signaling pathway
The observations that changes in the activity of four
genes of the Notch signaling pathway can either suppress or
enhance the phenotypes associated with the suppression of
fred function suggest that fred is functioning in close con-
cert with the Notch signaling pathway. Reduction in the
activity of a Notch signaling pathway gene, Su(H) results in
an enhancement of the fred RNAi phenotype. In contrast,
ectopic expression of Notch signaling pathway genes,
Notch, Su(H), and E(spl)m7 suppresses, to different degrees,
different aspects of the fred RNAi phenotype in the devel-
oping wing, thorax, and eye. Overexpression of Hairless, a
negative regulator of the Notch pathway, on the other hand,
enhances the phenotypes induced by Fred suppression. It is
presently not clear whether Fred defines a separate pathway
for SOP determination or if it shares downstream compo-
nents of the Notch signaling pathway. The remarkable de-
gree to which ectopic expression of an E(spl) complex
bHLH transcription factor results in a nearly complete sup-
pression of phenotypes associated with fred degradation
strongly supports the idea of very close functional interac-
tions. These observations, furthermore, raise the possibility
that E(spl) complex genes and/or other genes of the Notch
signaling pathway act downstream of fred function.
fred and ed interact functionally
Reduction in ed gene dosage resulted in a very pro-
nounced, dominant enhancement of the fred-RNAi eye phe-
notype despite the fact that ed2B8 has no dominant visible
Fig. 8. Genetic interaction of fred with ed and EGFR pathway genes, gap and pointed. ed2B8 is an amorphic allele of ed. (A) ed2B8/GMR-GAL4 eyes appear
morphologically normal. (B) Eye of a GMR-GAL4/; UAS-fred RNAi/ fly. (C) ed2B8/ GMR-GAL4; UAS-fred RNAi/: heterozygosity for ed2B8 in the fred
RNAi background results in a strong enhancement of the rough eye phenotype caused by fred suppression. Flies were shifted from 25 to 29°C after pupa
formation. Flies in (D–H) were raised at 25°C. (D) Eye of GMR-GAL4/; UAS-fred RNAi/ fly. (E, F) Eyes of UAS-fredRNAi/; GMR-GAL4/; Gap1B2/
flies. Reduction of the gap gene dosage to half enhances the fred RNAi phenotype in 30% of the flies (E), and the rest show no significant change (F). (G,
H) Eyes of UAS-fred RNAi/; GMR-GAL4/; pnt88/ flies. The suppression of fred RNAi phenotype is observed in 40% of the flies (G), whereas 60%
show no discernible modification (H).
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phenotype. This suggests that ed and fred closely interact in
processes that require Fred function. The similarity in pro-
tein structure and overlapping expression patterns would
support such a functional interaction and may also point to
the possibility of functional redundancy. Both Ed and Fred
contain highly similar Ig C2 domains in their respective
extracellular regions. Ig C2 domains are frequently involved
in homophilic or heterophilic interactions with other Ig
domain containing adhesion molecules (Hortsch, 1996).
Thus, it is possible that Fred and Ed might communicate via
interactions of their extracellular domains. Future research
will have to address this possibility.
The weak genetic interaction observed between fred and
two members of the EGFR pathway also links fred to the
EGFR pathway; however, analysis of additional compo-
nents of the EGFR pathway are necessary to determine
fred’s role in the EGFR signaling.
In summary, suppression of fred function results in spec-
ification of ectopic SOPs in the wing disc and a rough eye
phenotype. Overexpression of N, Su(H), and E(spl)m7 sup-
presses the fred RNAi phenotypes. Accordingly, decreasing
Su(H) or overexpression of H enhances the fred RNAi
phenotypes. Thus fred, a paralogue of ed, is a new gene that
shows close genetic interactions with the Notch signaling
pathway.
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